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Abstract 
Sustainable manufacturing extends beyond the manufacturing process and the product, to include the supply chain, across multiple 
product life-cycles as well as end-of-life considerations. Companies can gain a competitive advantage by applying sustainability 
manufacturing for environmental friendlier products and operations. Industry 4.0 sets new requirements for becoming a sustainable 
manufacturer where data management, the Internet of Things and extended product service systems are tightly linked with 
traditional manufacturing processes. Automobile, aircraft and ship manufacturers have either been regulated or have voluntarily 
adopted product stewardship initiatives to support high quality, end-of-life management. This paper analyses how different 
‘product stewardship’ and ‘end-of-life’ strategies can support the circular economy and what the challenges and 
benefits are from an original equipment manufacturer perspective. 
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1. Introduction 
Mårtensson and Westerberg (2016) note that sustainable development and environmental issues have gained 
attention in the public as well as in companies. A wide range of companies has adopted sustainability agendas to 
contribute to sustainable development and to manage their relationship with nature. [1] Research indicates that 
companies tend to apply strategies that do not challenge the concept of business as usual, which in the long run does 
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not change companies’ relationship with nature. [2] Haigh and Griffiths (2009) notify that a sustainable strategy 
signifies a company’s relationship to nature is integrated and managed throughout the value chain, where information 
and control systems that support life-cycle thinking are central components of the strategy. [3] However, companies 
are often motivated by legislative or competitive factors rather than by integrated sustainability values. [4] This also 
means that environmental information is not systemically managed throughout a company’s value chain.  
A central concern in the transition towards a sustainability management in companies is resource efficiency. The 
demand for materials has quadrupled in the past 50 years [5] and further, Graedel et al, 2011 claim that the major 
deposits have already been explored. Resource scarcity and the impacts of virgin materials are two drivers for 
improving the resource efficiency [6], which is also noted by the European Union (EU) which highlights resource 
efficiency as one of its seven flagship initiatives in the ‘Europe 2020’ strategy. [7]  
In recent years, the concept of Circular Economy (CE) has gained attention as a way to overcome issues related 
continuous growth and resource throughput. The concept aims to increase the resource efficiency by integrating 
business models and sustainable manufacturing systems that support closing the material loops within an economic 
system. [8] Elements of CE originate from the work of Boulding (1966), where the idea of an economy as a circular 
system was considered necessary in order to maintain a sustainable human life on earth. [9] Later Pearce and Turner 
(1989) introduced a theoretical framework, where they explained the shift from an open economic system to a circular 
economic system. [10] CE can also be linked to the concept of industrial ecology that promotes the transition from 
open loop to closed loop material cycles, the use of renewable energy and that leads to less wasteful, and thereby more 
resource efficient processes. [11-14] 
In order to realize the potentials of CE, and especially the power of the ‘inner circles’, business models for 
sustainable development are needed, where economic, environmental, technological and social aspects are co-
integrated. [15] CE is related to the principles of ‘Reduction, Lifetime extension (via service/maintenance), Reuse, 
Remanufacture and Recycle’ [16] and also linked to the waste hierarchy presented by the European Commission. [17] 
There are well-documented environmental benefits associated with both reuse (product and component level) and 
recycling (material level) as embodied resources and energy are saved compared to the use of primary resources. This 
paper explores the product stewardship concept and analyses potential means for enabling a CE strategy from a 
manufacturer’s perspective. 
2. Product stewardship 
In sustainable manufacturing, the manufacturer extends their work beyond their own processes and products as 
well as broaden their focus from economic benefits to environmental and social aspects. [18] Sustainable 
manufacturing includes many aspects of sustainability such as modelling and optimization [19], remanufacturing [20], 
sustainable supply chains [21], reverse logistics and closed loop supply chains. [22]. 
Rosen et al (2012) argue that future manufacturing systems are likely to be based on strategies that facilitate 
sustainable development, so that the environmental quality of future generations goes hand-in-hand with business 
development. [23] This means extending the traditional focus on manufacturing processes inside the factory towards 
life-cycle management, which involves preparing for the reuse, remanufacturing, recycling or final safe disposal 
already at the manufacturing phase. Lane & Watson (2012) argue that recycling and product stewardship are rapidly 
expanding areas that have an increasingly important role for conserving resources in the manufacturing sector. [24] 
The term ‘Product Stewardship (PS)’ is interpreted differently, but often interlinked with the concept of Extended 
Producer Responsibility (EPR). Lewis (2005) finds that ‘stewardship’ related to environmental management was first 
mentioned by the Canadian Chemical Producers Association in the late 1970s [25], but re-emerged in the 1990s in 
relation to material responsibility. [26-28] 
The concept of PS evolved from responsible management of hazardous wastes towards a broader focus on resource 
conservation. PS approaches have changed the relationship between the societal and material worlds [29] and new 
industrial sectors have arisen from these initiatives and resulted in the formation of partnerships. [30] 
PS agreements have either been driven by government or industry, and have involved some form of collaboration 
between these two actors. The PS agreements can be divided into (1) fully regulated, (2) co-regulated or (3) fully 
voluntary agreements. [24] 
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The ultimate goal of engaging in PS is to minimize the environmental impacts of the products through the life 
cycle(s). [31] In the following section, PS arrangements for the automobile, aircraft and shipping industry are 
presented.  
3. Product stewardship in practice 
3.1. Automotive industry 
In 2010, the International Organization of Motor Vehicle Manufacturers estimated that one billion automobiles 
were in circulation worldwide, which makes the automotive industry one of the largest consumers of metals. [32] 
Material selection for the approximately 10,000 parts that make up a car has a great impact on the reuse or recycling 
potentials, and the trend is that metals are substituted with composite materials. [33] The average lifetime for 
automobiles is 10-12 years in the EU and in 2010, 40.2 million and 7.8 million automobiles reached their end-of-life 
globally and in the EU respectively, which corresponds to 5% of the World’s industrial waste. [34-35]  
ELV gained political focus in the early 1990’s, which helped establish a market for recycling and reusing parts and 
components, which fostered new suppliers, dismantlers and automobile recycling factories. [34] Development in the 
complexity of parts and materials have made high-value recycling more difficult and from a waste management point 
of view, the concerns related to ELVs are twofold: (1) Approximately 25% of the waste is considered hazardous, (2) 
Challenges exist in retaining high value materials from the product by separating different alloy metals. [34] 
3.1.1. The end-of-life vehicle directive 
The European Commission officially adopted the ELV Directive in 2000, which now regulates the automotive 
industry to make dismantling and recycling environmental friendly. [36] It has since been continuously improved to 
clarify legal aspects, national practices and recommendations. Several manufacturers have collaborated on the 
development of the ‘Internal Dismantling Information System’ (IDIS) – a shared software platform to meet the legal 
obligations of the directive. [37] The IDIS database was created to assist in dismantling of parts in the quickest and 
least complicated way – and thereby most economical. One of the key features is the identification of economically 
recyclable plastic parts as all plastic parts exceeding 100 grams are coded to ensure systematic recycling. This has 
fostered innovations in the automotive industry that support ‘closed-loop-recycling’, where some materials go back 
into the automobiles as secondary raw material [38] and helped to: (1) Prevent use hazardous materials (reduction of 
96-99,99%), (2) Code and/or inform on parts and components, (3) Ensure information for consumers and treatment 
organizations (achieved, but criticized for being too bureaucratic and costly) and (4) Achieve reuse, recycling and 
recovery performance targets (significantly improved and increased willingness to integrate recycled materials in 
design). [37] 
3.2. Ship industry 
An increased demand for commercial transport has resulted in an increase in the numbers and size of ships. [39-
40] Ships have a service life of 20 to 30 years, after which they are usually sold and dismantled to recover steel and 
other valuable parts. [41-42] The valuation of a ship as it ages is complex but the European Commission states that 
‘freight rates determine when to scrap; labour costs determine where to scrap; steel prices determine the size of the 
ship owner's profit’. [43] 
Dismantling of ships was common in southern Europe and USA in the 1940s to 1960s, but have moved now to 
countries like India, Bangladesh and Pakistan. Scrapping ships has drawn public and political attention as it leaves 
large environmental footprints if handled in non-controlled ways. [41-44] 
Ships can contain large amounts of toxic and hazardous substances, which can cause adverse effects on the natural 
environment and humans. However, up to 95% of the ships (mainly steel, aluminum and copper) are reused or recycled  
Ships manufactured in the 1980s contain materials that are restricted and banned today, i.e. asbestos and heavy metals. 
[41] The disposal of hazardous waste is regulated under the existing 1989 Basel Convention. [42]  
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3.2.1. The Hong Kong Convention 
Ship breaking has throughout the years gained more public and political attention. Picked up in the 1990s by IMO 
a through a series of industry codes, the Hong Kong Convention (HKC) was adopted in 2009 [41, 44] including an 
inventory of hazardous materials [IHM] that should enable a ‘cradle-to-grave’ approach for ship recycling, with focus 
on avoiding hazardous materials in new ships. [43] The IHM is central in the HKC as a document containing an 
inventory of the materials used in ship manufacturing, including materials that are potentially hazardous to humans or 
the environment. The IHM accompanies the ship throughout its service life and changes are recorded. The final owner 
is expected to deliver the IHM with the ship to the recycler and virtually all materials can be recycled or utilized 
locally. [44-45] In 2013, the European Ship Recycling Regulation also entered into force in 2013, which also 
emphasizes documentation of materials and especially hazardous materials on-board. The regulation applies to all 
ships of 500 GT and above, which includes 55.000 existing ships and all new ships. [46]  
3.2.2. Maersk’s Cradle2Cradle Passport 
Maersk Line, has been working on a ‘cradle2cradle’ (C2C) passport for their Triple-E fleet. The aim of the passport 
is to create a document that marks the materials into different material categories as well location of all materials in 
addition to dismantling and recycling instructions. The expectation is that the salvage value can increase up to 10 % 
due to the increased knowledge of the ship. [47-48]  
To support this, Maersk has adopted the CDX system for material registration. The tool was developed for the 
automotive industry and then re-developed for the shipping industry, where an industry-wide standard has been 
proposed. However, collaborating across the value chain has proven difficult. [49] 
3.3. Aircraft industry 
A new aircraft has an estimated design life of 20 to 30 years, after which is historically either store or demolished 
and recycled. [50] A significant number of aircraft is stored in aircraft graveyards, which can be an expensive strategy 
considering lost revenue from salvage values and use of land. [51-52] However, the actual service-life is declining 
with planes as young as 15 years or less are being scrapped. [53-54] Formerly, aging planes were defined by calendar 
years and operating hours but today, sophisticated models analyse the relative value of an aircraft to determine service 
life. [55] Estimations state that between 8,500-12,500 planes will be at end-of-service life within the next 20 years. 
[50-56] 
Recently, the end-of-service life for aging planes and related parts became a key subject in recycling industries 
worldwide. The absence of relevant directives, size of treated materials from end-of-life products, complexity in fleet 
recycling process, multi-layered relationship among partners and players are highlighted as some of the challenges 
facing the aircraft industry. [53] Different end-of-life strategies is being applied, but since 2005, the projects ‘Process 
for Advanced Management of End-of-Life of Aircraft (PAMELA) and Aircraft Fleet Recycling Association (AFRA) 
have been carried out to support end-of-service-life handling [59] 
3.3.1. PAMELA  
The first major study on aircraft recycling was initiated by Airbus in 2005. PAMELA was a dismantling 
demonstration project carried out with support from several partners and the European Commission. The objectives 
of PAMELA were to: 1) demonstrate full-scale experimentation on aircraft where 85% could be recycled, reused or 
recovered, 2) set up a standard for environmentally responsible management at the end-of-life, and 3) develop an 
international network of partners to further disseminate this topic. [57] The project demonstrated the possibility of 
recycling up to 85% of plane components - a significant advance from the earlier rate of 60% and a reduction in 
landfilled waste. [57] The project showed that a material mapping in the design phase would support high value 
recycling and would eliminate the need for spectrometric analysis. Further, the complexity in material composition 
and assembly was highlighted as an obstacle to achieve higher recycling rates. [57]  
3.3.2. AFRA 
In 2006, Boing launched the AFRA initiative with ten other founding members. The aim was to be proactive on 
recycling of aircraft to hinder the development of a political or legal problem and develop industrial standards that 
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could be the basis for government action. [61] Similar to PAMELA, AFRA has promoted best practice within end-of-
life and has developed a series of guidelines on best management practices (BMP). [54] Three versions have been 
published and merged in one covering all aspects of best practice around aircraft end-of-life processes and service. 
[52] The final documents aim is to reach 90% recycling by 2016. [62] 
 
Common to the initiatives is that all increase the recycling rates, decrease the landfill needs and have fostered a market 
for reuse of components. The area is still not regulated and legislative instruments can be used to set the lowest 
common denominator for ensuring minimum requirements. Despite the achievements, the aircraft industry still has 
challenges defining responsibilities and determining how to communicate information, e.g. material compositions, 
etc. [65] 
4. Enterprise Information Systems as a support tool for product stewardship 
Common to all three industry-examples of PS is that a management information system can help handle the 
exchange of information along the product life cycle. New technologies have the potential to improve the efficiency 
of doing business including improved management of products and resources. [66] Digitalization and end-to-end 
optimization opens new possibilities - from automation of many work steps to decision support in situations like reuse 
and recycling. It calls for new data streams to be managed and central tools to handle information. Product life cycle 
management (PLM) software or enterprise information system (EIS) are such information handling tools, where 
partners share information and collaborate on various issues, e.g. optimization of recycling or reuse of materials. [66] 
Several authors highlight examples from the ship and automotive industries, e.g. how e-collaboration can support and 
improve supply chain operations through efficient data exchange as well as estimate dismantling costs and salvage 
value. [67-70] Digitalization in the form of an EIS is a mean that can potentially support the integration of PLM and 
such platforms can act as the basis for integrating environmental information on e.g. material composition of products 
to stimulate high-quality recycling or better reuse of components or products. [71] The principles of circular economy 
have not traditionally been part of the EIS, but can as shown stimulate PS and increase resource efficiency. The 
implementation of an EIS to support PS poses challenges e.g. regarding data recording between a large range of 
stakeholders requires compatibility of definitions, which is a considerable hurdle to overcome. When establishing 
interfaces and transferring sensitive data between stakeholders issues related to information security and 
confidentiality are also present. [30] 
However, moving from non-automated or a paper based system to a digitalized one is likely to generate new 
business value to many actors across the value chain. Further, potential benefits of integrating information on material 
composition in an EIS includes an increased understanding of product (and thereby understanding of business risks), 
the possibility of making real-time life cycle assessments (as the data collection phase can be automated), and thereby 
improve both assessment and continuous improvement processes in the product design stage. 
5. Conclusion 
Sustainable manufacturing extends beyond the manufacturing process and the product, to include the supply chain, 
across multiple product life-cycles as well as end-of-life considerations. PS as a concept relates to the realm of the 
circular economy, where the inner circles are promoted and business models for sustainable development are 
developed. The CE relates to the principles of reduction, lifetime extension (via service/maintenance), reuse, 
remanufacture and recycle.  
Through a number of industry examples (automotive, ship and aircraft industries), this paper has shown different 
approaches of PS – from fully regulated to fully voluntary – and demonstrated how they can help stimulate a transition 
to a more circular, resource efficient form of sustainable manufacturing. 
Further, integration of environmental information into the EIS such as PLM software can digitalize and generate 
new business value to actors across the value chain. The concept is not yet widely utilised, but an increased 
understanding of the product and manufacturing processes, improved assessment possibilities (in real time) as well as 
better improvement possibilities are some of the  benefits. However, considerable hurdles have also to be overcome 
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related to compatibility of definitions in the value chain, information security and confidentiality, when establishing 
interfaces and sharing sensitive data between stakeholders. 
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